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Field ionization and Coulomb explosion of small hydrocarbon molecules driven by intense laser pulses are
studied in a combined theoretical and experimental framework. The spectra of ejected protons calculated by
the time-dependent density functional approach are in good agreement with the experimental data. The results
of the simulations give detailed insight into the correlated electron and nuclear dynamics and complement the
experiment with a time-dependent physical picture. It is demonstrated that the Coulomb explosion in the studied
molecular systems is a sudden, all-at-once fragmentation where the ionization step is followed by a simultaneous
ejection of the charged fragments.
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With the advent of powerful light sources [1,2], the study
of the interaction of strong short laser pulses with matter has
become a focus of intense research interest. Various processes
and phenomena have been investigated, including high-order
harmonic generation [3], creation of attosecond pulses [4],
control of molecular dissociation [5], ultrafast imaging [6],
electron tunneling and diffraction [7], and Coulomb explosion
[8,9]. Highly energetic dissociation of a molecule or solid due
to multiple ionization, known as the Coulomb explosion, is
a particularly interesting process because it exposes the key
physical mechanisms associated with the electron and nuclear
dynamics and ionization [9–13]. Once the laser strips electrons
from the molecule, the remaining positively charged structure
can explode, creating a molecular plasma cloud. Coulomb
explosion can be used to generate bright keV x-ray photons
[14,15], highly energetic electrons [16], and for imaging
[17–19].
The strong-ﬁeld ionization and fragmentation of hydro-
carbon molecules is a prototypical example of the Coulomb
explosion of polyatomic molecules, and it has been the
subject of several experiments [9,11,20–23]. An important
quantity measured in these experiments is the kinetic energy
distribution of the protons ejected during the fragmentation.
Proton energies in excess of 30 eV at only very moderate
peak intensities of the driving laser pulses have been reported
for both large [11] and small hydrocarbon molecules [9].
The proton kinetic cutoff energies depend sensitively on the
laser intensity and saturate at intensities that depend on the
molecular species [9,11]. Earlier, this behavior was attributed
to the creation of a long-lived charge localization state [11]. A
more recent experiment [9], in contrast, suggested that the high
kinetic proton energies originate from Coulomb explosions
from a high molecular charge state. It was suggested [9]
that a multibond version of the enhanced ionization process
[24,25] is responsible for reaching the observed high charge
states, from which the protons are ejected simultaneously in a
concerted Coulomb explosion process resulting in complete
molecular fragmentations. A recent theoretical study [26]
using a one-dimensional model of acetylene, C2H2, conﬁrms
the proposed ionization mechanism leading to the high
charge states, but it did not investigate the fragmentation
dynamics. While the experimental approaches allow the study
of important aspects of the Coulomb explosion of molecules
by analyzing the properties of the resulting fragments, they do
not provide a complete, dynamical description of the internal
mechanism taking place during the fragmentation.
In this work, the intense laser pulse induced electronic and
nuclear dynamics, “the Coulomb explosion,” of hydrocarbon
molecules are studied theoretically in the framework of the
time-dependent density functional theory (TDDFT) [27], and
the results of the simulations are compared to experimen-
tal data. Two small molecules were investigated, namely
methane, CH4, and 1,3-butadiene, C4H6. It is found that the
Coulomb explosion of these hydrocarbon molecules results
primarily from a sudden ionization followed by an all-at-once
fragmentation, supporting a concerted Coulomb explosion
picture. The intramolecular electron dynamics during and
after the interaction with the laser pulses are simulated in the
framework of real-space real-time TDDFT and complemented
with Ehrenfest molecular dynamics for ionic motion. The
TDDFT simulations are carried out using the adiabatic local
density approximation (ALDA) with the parametrization of
Perdew and Zunger [29]. Norm-conserving pseudopotentials
[30] were used to represent core electrons. The initial state
of the system was prepared by performing the ground-state
DFT calculation. At the time-development stage, we used the
following Kohn-Sham Hamiltonian:
H = − h¯
2
2m
∇2r + VH(r,t) + VXC[ρ](r,t) + Vext(r,t), (1)
where ρ is the electronic density, deﬁned as a sum over all
occupied orbitals, ρ(r,t) = 2∑k |ψk(r,t)|2. VH and VXC are
the Hartree and exchange-correlation potential, respectively.
Lastly, Vext is the external potential which includes the
potential due to the moving ions, Vions, and the potential
due to the laser electric ﬁeld in the dipole approximation,
Vlaser = r · E(t). The laser electric ﬁeld was assumed as E(t) =
Emax exp[−(1/2)(t − tpeak)2/a2] sin(ωt)ex , polarized along x,
with the parameters a andωmatching those of the experiments,
and the time when the intensity peaks was chosen to be
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FIG. 1. (Color online) Snapshots of the 3D electron density and
ionic positions of a C4H6 molecule subject to a laser pulse. For an
animated version, see the supplemental material [28].
tpeak = 32.5 fs after the start of the time propagation. For
the CH4 molecule, we used two different laser peak inten-
sities, 6.7 × 1014 and 11.0 × 1014 W/cm2, and for the more
computationally demanding simulations of C4H6, we limited
ourselves to one intensity, 13.5 × 1014 W/cm2. Each Kohn-
Sham orbital, ψk , was time-propagated using the evolution
operator in the form of the fourth-order Taylor expansion [31],
with a small time step of 0.64 attoseconds. The total time
window in our simulations was 80 fs, which we found to
be sufﬁcient to explore the dynamics and the mechanism of
the proton ejection. All orbitals were represented on a real-
space grid inside a large simulation volume (37.75 × 14 × 14
and 41.25 × 17.5×17.5 A˚ for methane and 1,3-butadiene,
respectively). The grid spacing was 0.25 A˚. Initially, the
molecules were placed at the center of the volume. To avoid
unphysical reﬂection from the boundary of the simulation
cell, we employed a complex absorbing potential (CAP) in
a form similar to that proposed by Manolopoulos [32]. The
CAP strength is zero within the central part of the simula-
tion box and gradually reaches high magnitude near the x
sides.
In the experiment presented in this paper, coincidence
momentum imaging is used to measure the three-dimensional
momentum vector in the laboratory frame of each detected
ion generated by ionization and fragmentation of methane,
CH4, and 1,3-butadiene, C4H6, driven by the interaction with
linearly polarized laser pulses of 27 fs full width at half-
maximum (FWHM) duration carried at a center wavelength
of 790 nm. All other details of the experimental setup and data
reconstruction procedure are as described previously [9].
Figure 1 shows snapshots of the valence electron density
and ionic positions of a C4H6 molecule during the interaction
with the laser pulse. At the leading edge of the laser pulse, the
molecule becomes ionized. Then, the lighter ions (protons)
are simultaneously ejected radially outward from the center of
the molecule. At the last stage, the remaining carbon structure
undergoes further ionization and explosion. For the simulation
shown in Fig. 1, the protons are completely bare when they ﬂy
out of the system.
The process of ionization and fragmentation of a molecule
in a laser electric ﬁeld is strongly dependent on the orientation
of the molecule with respect to the ﬁeld polarization axis.
In Fig. 1, the fragmentation process is visualized for a
speciﬁc orientation of the C4H6 molecule, whereas in the
experiments the molecules are randomly oriented. Thus, the
measured proton spectra and charge states [9] are distributions
coming from a large ensemble of systems with various spatial
orientations. To model such distributions, we simulated 90
different orientations of each molecule that, by exploiting
the molecular symmetry, cover all possible orientations in a
randomly oriented ensemble. Figure 2 shows the evolution of
ionization, i.e., the number of valence electrons in the system,
of CH4 and C4H6 as a function of time. It can be seen that
both investigated molecules become strongly ionized during
the pulse, withmolecular ionic charge states reaching the value
+5,+6 in the case of CH4 (I = 11.0 × 1014 W/cm2) and +12
through+17 in the case of C4H6. The computed electron loss is
in agreement with the experimentally determined values which
have been extracted from the multiparticle coincidence data as
described in Ref. [9]. Our simulations show that the molecules
generally get more ionized when they are initially orientated
such that there are more bonds parallel than perpendicular to
the laser polarization. The different direction of the multiple
bonds (both C-H and C-C), however, makes it difﬁcult to
quantify a possible correlation between ionization yield and
the orientation of the bonds.
The high degree of ionization leads to Coulomb explosion
of the molecules. The dynamics of the ions, i.e., the dis-
FIG. 2. (Color online) Number of valence electrons left in the system as a function of time for the entire ensemble of spatial conﬁgurations
used in the calculations.
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placements from their initial positions,|Rj (t) − Rj (0)|, and the
evolution of kinetic energies are illustrated in Figs. 3(c)–3(f).
As can be seen, the molecules fragment completely and all
protons get ejected simultaneously in a concerted process.
The protons ﬂy out in different directions as governed by the
conservation of the total momentum but have very similar
kinetic energies; see Figs. 3(e) and 3(f). While we only
show the data for a single initial orientation of the CH4
and C4H6 molecules, the qualitative picture is the same
for all other orientations used. Depending on a particular
orientation, the ﬁnal proton energies may vary substantially.
Nonetheless, our simulations show that the kinetic energies of
the individual protons ejected in the same explosion remain
similar and the ejection occurs simultaneously for any given
orientation. Therefore, both our simulations and experiment
show that dynamic charge localization [11] does not apply
to the fragmentation dynamics observed here, as a concerted
emission of protons with similar energies is incompatible with
the localization of the charge at a speciﬁc site within the
molecule.
The fact that the protons are ejected concertedly is also
reﬂected by the near zero kinetic energy of the remaining car-
bon ion of CH4 in both the simulated, Fig. 3(e), and measured
data, Fig. 3(g). The measured carbon energy spectrum can
be decomposed into the contributions of singly and doubly
charged carbons (see the gray lines). Both of them peak at
zero kinetic energy in accordance with a concerted, all-at-once
emission of protons, which leaves the central carbon ion at
rest. The similarity of the ﬁnal kinetic energies of all ejected
protons is most pronounced in the simulations with the highest
laser intensity performed for the C4H6 molecule, Figs. 3(d)
and 3(f). After the simultaneous departure of the protons, the
heavy carbon skeletal structure separates in two steps, with
each of them involving the explosion of two carbon ions,
leading to two distinctly different ﬁnal carbon energies. This
dynamics is nicely reﬂected in the measured bimodal carbon
energy spectrum in Fig. 3(h) with peaks at approximately 8
and 22 eV. A decomposition of the measured spectrum into
the contributions of the singly and doubly charged carbon
ions, shown by gray lines, reveals that the two peaks in the
spectrum are caused by doubly and singly charged carbon ions,
respectively. Figure 3(e) shows that for the slightly weaker
laser peak intensity of 11.0 × 1014 W/cm2 used for the CH4
molecule, the high similarity of the proton energies observed
for the high-intensity case of the 1,3-butadiene simulation
becomes less pronounced. In the second simulation for CH4
with the still smaller intensity of 6.7 × 1014 W/cm2, the
FIG. 3. (Color online) (a,b) Number of valence electrons remain-
ing in the molecular system (blue lines) during ionization by a laser
pulse (gray lines) for methane and 1,3-butadiene. (c,d) Displacements
of individual protons (green lines) and carbon ions (dark red lines)
from their initial positions. (e,f) Kinetic energies of individual protons
(green lines) and carbon ions (dark red lines). While the data shown
for the displacements and kinetic energies are for some randomly
picked molecular spatial orientation, the same qualitative behavior
could be observed for the majority of other orientations. (g,h)
Measured carbon energy spectrum (red line) decomposed into the
contributions of singly and doubly charged carbons (gray lines).
difference in the individual proton kinetic energies was quite
noticeable, and for some of the initial spatial orientations the
molecule did not undergo a complete fragmentation during the
simulation time.
The total proton energy spectra that model the Coulomb ex-
plosion of CH4 and C4H6 are presented in Fig. 4. These spectra
have been obtained as the histograms of the computed ﬁnal
energies of the protons. Upon complete molecular fragmenta-
tion, 90 different spatial conﬁgurations give rise to 360 and 540
ejected protons for methane and 1,3-butadiene, respectively,
FIG. 4. (Color online) Histograms of computed proton energies for methane (a,b) and 1,3-butadiene (c), shown by the red bars, compared to
experimentally obtained spectra (lines). The blue lines are the measured total proton energy spectra. For methane, these spectra are decomposed
into the contribution coming from complete molecular fragmentations (black lines) resulting in a singly (red line) and doubly (green line)
charged carbon ion. Laser peak intensities are indicated in the panels.
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which is sufﬁcient formaking a representative histogram of the
proton spectra.We estimate the relative uncertainty of our ﬁnal
proton kinetic energies to be around 5%of their values,with the
uncertainties mainly due to ﬁnite simulation time and volume.
In the lower intensity case for CH4, Fig. 4(a), one can observe a
very tall ﬁrst bin in the histogram. This peak is caused by those
protons that for some spatial orientation of the molecule are
not detached from the molecule within the 80 fs simulation
period. The kinetic energies of all other protons are widely
distributed up to the maximum value of 15 eV. The situation is
very different when the peak intensity is increased to 11.0 ×
1014 W/cm2; see Fig. 4(b). In that case, a pronounced peak
at around 16–17 eV appears, while the number of protons
ejected with low kinetic energies is relatively small, and the
cutoff energy also increases to about 18 eV. The reason for
the difference in the simulated proton energy spectra for low
and high intensity can be understood by comparing them
to measured spectra. The overall proton spectra (blue lines)
consist in both intensity cases of a peak around 4 eV, which is
due to protons ejected fromdoubly and triply chargedmethane,
and a broad feature at higher energy. By selecting only those
protons that are created by complete fragmentations and the
production of a singly or doubly charged carbon ion [9], see
Figs. 4(a) and 4(b), it becomes clear that the many low-energy
protons in the simulation with the lower laser peak intensity,
Fig. 4(a), are created by incomplete molecular fragmentations.
The protons with high energy are created only if the molecules
fragment completely.
In contrast, for the higher laser intensity used for simulating
the spectrum in Fig. 4(b), almost all protons are created by
complete molecular fragmentations, and the position of the
pronounced high-energy feature observed in the simulation
agrees well with measured protons correlated to singly and
doubly charged atomic carbon ions created during complete
molecular decomposition.We attribute the remaining small but
discernible difference in the cutoff energy of the simulated and
measured spectra to the uncertainty in determining absolute
values for the experimental pulse peak intensity. As the ioniza-
tion rate is highly nonlinear in intensity, even small uncertain-
ties in the few 10% range may result in noticeable variations
of the cutoff energy, in particular for smaller laser intensities.
We have shown that the protons that appear in the high-
energy region of the spectrum are created by complete frag-
mentations only. Clearly, part of the low-energy experimental
proton spectra are due to the spatial intensity distribution
across the focused laser beam. Molecules that are ionized
in the wings of this distribution are effectively exposed
to a lower intensity than that assumed in the simulation.
This effect causes part of the deviation in the low-energy
region between the measured overall proton spectrum and the
decomposed spectra that correspond to complete molecular
fragmentations. However, this intensity smearing is absent in
the simulated spectra. Thus, the broad proton energy distri-
bution in the simulated spectrum extending to the low-energy
region [Fig. 4(a)] is a signature that the high charge states,
necessary for complete fragmentation and high-energy proton
ejection, are not reached for all molecular orientations. As a
consequence, the underlying ionization mechanism is strongly
dependent on the orientation of the molecules relative to the
laser polarization direction, motivating further experiments on
aligned molecules [7,33,34].
Finally, we turn to the case of the highest intensity used
in the simulation for the C4H6 molecule; see Fig. 4(c). The
simulated spectrum does not show any low-energy protons but
features a bimodal distribution centered around 40 eV. This
means that the probability for complete molecular fragmenta-
tion from high charge states of 1,3-butadiene at this intensity is
roughly 100%, independent of the molecular orientation. The
high-energy region of the measured proton energy spectrum
agrees very well with the simulated spectrum. Although we
are unable to decompose the measured spectrum into the
contributions of the separate fragmentation channels, because
their corresponding carbon momentum spectra overlap for
carbon charge states higher than two [9], a comparisonwith the
simulated spectrum allows us to attribute the lower-energy pro-
tons in the measured spectrum to incomplete fragmentations
that occur at regions of smaller intensity within the spatial
laser beam proﬁle. The simulations show that at this intensity,
the number of electrons being detached from 1,3-butadiene
during the laser pulse peaks around 15–17 and 11–12 for the
complete ensemble of 90 molecular orientations, as can be
seen in Fig. 2(c). Thus, the two peaks of the bimodal proton
spectrum can be attributed to the existence of two strong
fragmentation channels from different ionic charge states.
In summary, we have investigated the electron and ion
dynamics during laser-driven Coulomb explosion of small
hydrocarbon molecules using real-space real-time TDDFT.
The results of the simulations agree fairly well with measured
data. We have shown that, in agreement with the scenario
proposed previously [9], protons are ejected from the same
molecular ion with no delay between any of the individual
ejections, provided the laser pulse intensity is high enough
to cause a complete fragmentation of the molecule. We have
also shown that the kinetic energies of the individual protons
ejected in the same explosion are very similar, and the wide
distributions seen in the the experimental spectra result from
different spatial orientations of molecules in the gas phase.
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